---------Highlights 1. The design and synthesis of a simple and efficient trifunctional MADIX agent is reported.
Introduction
Due to their similar size and diverse functionality, synthetic polymers have been widely explored to mimic the function of biomacromolecules, including proteins and polysaccharides.
For example, Tew and coworkers have prepared polymers that can efficiently penetrate cell membranes in a manner similar to cell-penetrating peptides. [1] Synthetic hydrogels can mimic the extracellular matrix to prepare tailored stem cell niches, [2] or synthetic glycopolymers can mimic the cell surface glycocalyx. [3] , [4] Polymers can also be used to mimic protein responses to external stimuli, for example metal concentration. [5] Antifreeze (glyco)proteins (AF(G)Ps)
are specialized proteins expressed in extremophile species that enable them to survive in subzero climates. These proteins act to reduce the freezing point of the blood serum and show potent ice recrystallization inhibition (IRI) activity; slowing the growth of any ice crystals which form or enter circulation, that leads to a fatal build-up of ice. [6] , [7] The ability to inhibit ice growth is of huge (bio)technological significance, but especially in the cryopreservation of donor cells and tissue. However, AF(G)Ps are challenging to obtain in large quantities and have had mixed results in cell storage due to unwanted ice-shaping effects.
Inada et al. and Budke et al. have demonstrated that (highly-disperse and partially acetylated)
poly(vinyl alcohol) (PVA) has potent ice recrystallization inhibition (IRI) activity despite no real structural similarities to native AF(G)Ps. [8] , [9] We have used controlled radical polymerization to generate well-defined PVA and elucidated that polymers comprised of as few as 10 -20 units retained potent IRI activity. [10] This potent ice recrystallization inhibition activity was subsequently used to enhance the cryopreservation of red blood cells, by reducing ice crystal growth during the thawing stage, [11] , [12] , [13] and also in a solvent free system. [14] Despite these advances, and 40 years of research into AF(G)Ps, there is still much debate on the actual mechanism of antifreeze protein function, which in turn limits the ability to synthesize new biomimetic materials. Recent experiments have suggested that irreversible binding to ice crystal is occurring with antifreeze proteins, but do not prove the link to observable macroscopic effects. [15] , [16] Ben et al. [17] have prepared synthetic AFGP mimics which do not appear to bind the ice, but rather disrupt the interface between ice crystals; the quasi liquid layer, and posit that this gives rise to potent IRI activity. Star-branched AFPs have been found to retain their IRI activity relative to linear counterparts but show enhanced ice binding, implying a complex relationship between size and activity. [18] However, changing the macromolecular architecture or size of proteins is non-trivial (as it becomes a new protein), requiring site-specific conjugation chemistries. Conversely, due to having only a single chemically distinct repeat unit, synthetic polymers can easily be varied in terms of size and shape. Congdon et al. have shown that addition on a second hydrophilic block to PVA does not affect the IRI activity, [19] and Voets and coworkers have developed bottle-brush PVA's for ice growth inhibition. [20] Due to the advances in controlled radical polymerization methods, it is now not only possible to readily access well-defined materials, but also polymers of variable architecture which enables their properties to be tuned. [21] , [22] Star branched polymers typically have smaller solution dimensions and lower intrinsic viscosity compared to the corresponding linear polymer, and also display more end-groups, which may affect their ice interactions. [23] , [24] For these reasons, probing the effect of branching and viscosity will give a greater understanding as to the factors affecting ice recrystallization inhibition. The effect of viscosity is especially intriguing, as with linear polymers viscosity is dependent on polymer size, whereas with star polymers it is possible to access comparable viscosities, but at higher molecular weights.
Stenzel and coworkers have developed multifunctional xanthates to enable (star) polymerization of lesser activated monomers such as vinyl acetate, which are typically harder to polymerize then methacrylate monomers. These multifunctional xanthates displayed a tendancy to form star-star couples, leading to an increase in dispersity and poorly defined polymer products. This was due to the configuration of the xanthates on the multifunctional agent. [25] , [26] , [27] Considering the above, this manuscript describes the design, synthesis and use of a novel multifunctional MADIX agent designed with a configuration that allows the polymers to grow from the core. This approach affords well-defined three-armed polymers with no star-star coupling. When using these stars as an IRI agent, activity is maintained, opening the door to increasingly complex IRI active materials and tools to understanding the ice/water interface. [28] Analytical and physical methods 1 H and 13 C NMR spectra were recorded on Bruker DPX-300 and DPX-400 spectrometers using deuterated solvents purchased from Sigma-Aldrich. Chemical shifts are reported relative to residual non-deuterated solvent. Size exclusion chromatography (SEC) was used to examine and differentiate between the molecular weights and dispersities of the synthesized polymers. 
Experimental Section

'Splat' (ice recrystallization inhibition) Assay
Ice recrystallization inhibition was measured using a modified splay assay. sea, UK), equipped with a Canon DSLR 500D digital camera. Images were taken of the initial wafer (to ensure that a polycrystalline sample had been obtained) and after 30 minutes. Image processing was conducted using Image J, [30] which is freely available. Four of the largest ice crystals were measured and the single largest length in any axis recorded. This was repeated for three wafers and the average (mean) value was calculated to find the largest grain dimension along any axis. The average of this value from three individual wafers was calculated to give the mean largest grain size (MLGS).
Synthesis of Synthesis of 1,3,5 tris-(methylethoxycarbonothioyl sulfanyl) benzene
Potassium ethyl xanthate (5.00 g, 0.031 mol, 3.0 eq) was added to ethanol (120 mL) in a round bottom flask and stirred at 60 °C until the solid had fully dissolved. 1,3,5 tris (methylbromo)benzene (3.71 g, 0.01 moles, 1.0 eq) was added to the stirred solution in a single portion and the reaction stirred at 60 °C for 6 h, forming a pale yellow solution and a white precipitate. The mixture was filtered to remove the salt and then ethanol was removed in vacuo leaving a yellow oil and a white solid. The mixture was dissolved in DCM (150 mL) and the product precipitated upon the addition of small amounts of water (10 mL). The product was filtered leaving a white solid, which was then thoroughly dried under vacuum using a schlenk line apparatus, furnishing the product as a white solid. 
Results and Discussion
In As can be seen in Figure 1B , the star polymer showed lower intrinsic viscosity than the corresponding linear polymer at all molecular weight fractions. This implies that the polymer is branched, and that the number of 'dead arms' is minimal. The overall difference between the two polymers is limited due to their relatively low molecular weight. This low M n range ( < 10 g.mol -1 ) was essential to enable discrimination in the IRI activity assays, as our previous work has indicated this is the region of greatest M n dependence on activity. With this library of star-branched polymers to hand, IRI activity was evaluated using a 'splat' assay. Briefly, 10 µL drops of the polymer in PBS saline, (pH = 7.4) were rapidly frozen (-80 °C) to generate a polynucleated wafer of ice. This was then annealed at -6 °C for 30 minutes before being photographed and the mean largest grain size (MLGS) measured and reported relative to a PBS control, to give a % MLGS relative to PBS. Small values indicate more IRI activity. The results of this assay are shown in Figure 2 . Note, not all the star polymers were tested, but rather a range of sizes until the activity had plateaued (based on our previous studies of linear PVA) suggesting that any further increases in molecular weight would not give significant differences in activity. The activity of the star-branched polymers may give some insight into the mechanisms of IRI;
it is unclear how native AF(G)Ps function, and the huge structural differences between them and PVA raise more questions. There is evidence that high molecular weight PVA can shape growing ice crystals, implying a direct surface interaction with specific crystal planes.
However, there is no direct link between extant of 'binding' and IRI activity. In fact, evidence from Ben et al. suggests that IRI activity and ice binding are completely independent of each other, but that AF(G)Ps perform both. [17] , [31] One current hypothesis is that compounds that display IRI activity inhibit the transfer of water from the quasi-liquid layer to bulk, limiting ice growth. [32] If the PVA was binding to the ice then it might be expected that a three-armed star polymer would be a more avid binder than a 'two-armed star' (i.e. linear polymer) due to the increased number of functional groups. Figure 3 shows a comparison of PVA of similar total molecular weight but different architecture (star and linear). Across the series there are no significant differences in activity, which supports the concept that PVA's IRI activity might not be dependent on ice crystal binding (at least, not at these concentrations), or that ice binding is not the sole contribution to activity. Our observations would also appear to rule out that the IRI activity of PVA is due to an increased viscosity of the eutectic phase between ice crystals (or the branched polymers would be less active). Similar trends were seen across the whole data set (longer PVAs), which is included in the ESI. 
Conclusions
A novel trifunctional xanthate was designed to prepare well-defined 3-arm stars of PVA. The agent was synthesized from cheap starting materials and was isolated pure as a trifunctional xanthate, without the need for column chromatography. The xanthate was taken on and employed for the controlled polymerization of vinyl acetate, which after deprotection enabled access to library of well-defined three-armed star poly(vinyl alcohol)s. These branched polymers were found to maintain the potent ice recrystallization inhibition activity found in linear PVA. Three-armed stars showed no increase in activity, compared to a two-armed equivalent. This result was surprising as increasing the molecular weight of linear polymers is strongly correlated with increased ice recrystallization inhibition activity. Due to the compact dimensions of a three-arm star compared to a similar molecular weight linear polymer, it can be seen that hydrodynamic size rather than total valency (of polymer repeat units) is the crucial factor for activity. We propose that this supports the theory that these polymers do not require binding to the ice crystals to inhibit growth, but rather function to disrupt the transfer of water between ice crystal interfaces. These findings highlight the simplicity and utility of preparing multifunctional xanthates, and will aid the development of new, more active and functional polymeric ice recrystallization inhibitors, which will find application in cellular cryopreservation and other ice-rich environments.
